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Abstract. Tight junctions, the most apical of the inter- 
cellular junctions that connect individual cells in a epi- 
thelial sheet, are thought to form a seal that restricts 
paracellular and intramembrane diffusion. To analyze 
the functioning of tight junctions, we generated stable 
MDCK strain 2 cell lines expressing either full-length 
or COOH-terminally truncated chicken occludin, the 
only known transmembrane component of tight junc- 
tions. Confocal immunofluorescence and immunoelec- 
tron microscopy demonstrated that mutant occludin 
was incorporated into tight junctions but, in contrast to 
full-length chicken occludin, exhibited a discontinuous 
junctional staining pattern and also disrupted the con- 
tinuous junctional ring formed by endogenous occludin. 
This rearrangement of occludin was not paralleled by 
apparent changes in the junctional morphology as seen 
by thin section electron microscopy nor apparent dis- 
continuities of the junctional strands observed by 
freeze-fracture. Nevertheless, expression of both wild- 
type and mutant occludin induced increased transepi- 
thelial electrical resistance (TER). In contrast to TER, 
particularly the expression of COOH-terminally trun- 
cated occludin led to a severalfold increase in paracel- 
lular flux of small molecular weight tracers. Since the 
selectivity for size or different types of cations was un- 
changed, expression of wild-type and mutant occludin 
appears to have activated an existing mechanism that 
allows selective paracellular flux in the presence of 
electrically sealed tight junctions. Occludin is also in- 
volved in the formation of the apical/basolateral in- 
tramembrane diffusion barrier, since expression of the 
COOH-terminally truncated occludin was found to 
render MDCK cells incapable of maintaining a fluores- 
cent lipid in a specifically labeled cell surface domain. 
I 
NDIVIDUAL cells in a  epithelial sheet are attached to 
each other by a  set of contacts called the epithelial 
junctional  complex  (Farquhar  and  Palade,  1963). 
Tight junctions, or zonula occludens, are the most apical 
intercellular junction and divide the apical from the baso- 
lateral cell surface domain. Since diffusion of an extracel- 
lular high molecular weight tracer, added to an epithelial 
layer, is  stopped  at the level of the tight junctions, it is 
thought that tight junctions constitute a diffusion barrier 
(Cereijido, 1991). Thus, tight junctions allow epithelia and 
endothelia to separate compositionally distinct fluid phase 
compartments; a prerequisite for the development of most 
organ systems in vertebrates. 
The seal provided by tight junctions does not appear to 
constitute an absolute diffusion barrier but to allow the 
passage  of  water  and  certain  solutes  (Cereijido  et  al., 
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1993).  Studies with hydrophilic tracers  in fact suggested 
that  the  paracellular  pathway  across  epithelia  involves 
pores  with radii of 30-40  _A  (Lindemann and  Solomon, 
1962; van Os et al., 1974). Therefore, it was proposed that 
selective diffusion across  tight junctions is mediated by 
fluctuating aqueous channels embedded  into tight junc- 
tional strands (Claude, 1978; Cereijido et al., 1989). If true, 
this model would also allow us to explain the difference 
between tight (low paracellular permeability and, often, 
high transepithelial electrical resistance (TER) 1 e.g., uri- 
nary bladder, blood-brain barrier) and leaky epithelia and 
endothelia (high paracellular flux and, generally, low elec- 
trical resistance, e.g., proximal renal tubule, microvessel 
endothelium).  This  classification implies,  however,  that 
TER,  an  instantaneous measurement for the  degree  of 
tightness, and paracellular flux, a measure for the trans- 
port capacities over a  longer period of time, develop in 
1.  Abbreviation  used  in  this paper:  TER, transepithelial electrical  resis- 
tance. 
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junctional strands exist it might be possible to modulate 
one parameter without significantly affecting the other. 
Tight junctions also appear to be involved in the mainte- 
nance of epithelial cell polarity. Epithelial cells possess an 
apical cell surface, facing the organ lumen, and a basolat- 
eral domain that are separated from each other by tight 
junctions and that are biochemically and functionally dis- 
tinct. Fluorescently labeled lipids or lipid probes cannot 
diffuse from one cell surface domain to the  other if in- 
serted into the outer leaflet of the plasma membrane, but 
can diffuse if inserted into both leaflets; hence tight junc- 
tions appear to form a fence that restricts diffusion within 
the outer leaflet of the plasma membrane (Dragsten et al., 
1981; van Meer and Simons,  1986).  Since epithelial cells 
are able to express at least some proteins in a polarized 
fashion  in  the  absence  of intercellular junctions  (Vega- 
Salas et al.,  1987), it is not clear whether this intramem- 
brane diffusion barrier is also involved in the maintenance 
of protein polarity. 
In  freeze-fracture replicas,  tight junctions appear  as  a 
netlike meshwork of fibrils formed by intramembrane par- 
ticles (Staehelin, 1973).  It is still not clear whether these 
structures are due to transmembrane proteins or special- 
ized lipid structures. This uncertainty is due primarily to 
our lack  of knowledge  of the  structural  components of 
tight junctions and, for those we do know, their specific 
functions within the junctional complex. For many years, 
the only identified proteins of tight junctions (e.g., ZO-1, 
ZO-2, cingulin) were peripheral membrane proteins asso- 
ciated with the cytoplasmic surface of the plasma  mem- 
brane and no specific function had been attributed to any 
of them (Anderson et al., 1993). Recently, the first trans- 
membrane protein of tight junctions, occludin, had been 
identified and found to be expressed in all tested epithelia 
and endothelia (Furuse et al., 1993). It is not known, how- 
ever, whether occludin is important for any of the specific 
functions of tight junctions. 
We show here that stable expression of wild-type and 
mutant chicken occludin in MDCK cells resulted in epi- 
thelial monolayers with increased TER that allowed higher 
rates of paracellular flux without changing the specificity. 
Since the transcellular resistance of MDCK strain 2 cells is 
several hundred times bigger than the paracellular resis- 
tance and the total resistance cannot be bigger than either 
one of the two parallel resistors, this indicates that expres- 
sion of occludin resulted in activation of an already existing 
mechanism that allows specific transport through electri- 
cally sealed tight junctions. These results directly support 
the idea  of aqueous channels within tight junctions that 
might be formed or regulated by occludin. Furthermore, 
expression of a COOH-terminally truncated mutant occlu- 
din was found to disturb the intramembrane fence that re- 
stricts diffusion of lipids between the apical and basolat- 
eral cell surface domains. Thus, occludin is also involved in 
the maintenance of cell surface polarity. 
Materials and Methods 
Cell Culture 
MDCK  (strain 2)  cells  were grown in  DMEM  (4.5  g/l glucose) as  de- 
scribed (Matter et al., 1992). For experiments, cells were plated 4--7 d be- 
fore use on tissue culture-treated polycarbonate filters  (Transwell; Costar 
Corp., Cambridge,  MA) with a pore size of 0.4 ~m and a diameter of 12 mm. 
cDNAs, Mutagenesis, and Tra•sfection 
A cDNA coding for the NH2-terminal half of chicken occludin  was cloned 
by reverse transcription PCR. RNA was isolated from liver and kidney of 
chicken embryos and used as a template for reverse transcription using an 
antisense primer to the 3'-end of occludin  as described for the generation 
of a cDNA coding for the COOH-terminal half of occludin  (Fallon et al., 
1995).  Next,  the  NH2-terminal  half  of  occludin  was  amplified  with  a 
primer containing nucleotides 15-48 and an antisense primer correspond- 
ing to nucleotides 846-867 of the published occludin cDNA (Furuse et al., 
1993) using Taq polymerase. PCR products were cloned into pCRII (In- 
vitrogen Corp., San Diego, CA)  and the  sequences were confirmed by 
dideoxy sequencing. A clone with the proper sequence and the previously 
described cDNA coding for the COOH-terminal half of the protein was 
used to assemble a full  length cDNA using a  Bgll  site within the short 
overlap. The assembled cDNA was cloned into the EcoRl sites of Blue- 
script SK (for mutagenesis) and pCB6 (for transfection). 
HAoecludin and  HAoccludinCT3 were generated  by PCR  using the 
full-length  occludin  cDNA  as  a  template.  For  the  NH2-terminal  HA 
epitope a primer was used that contained a KpnI site,  Kozak sequences 
(Kozak,  1989), the HA epitope (MQDLPGNDNSTAGL; Daro et al., 1996), 
and some nucleotides derived from the 5' end of the coding sequence of 
occludin  (5'-AAAAAGGTACCATGCAGGACCTGCCAGGCAACG- 
ACAACAGCACCGCCGGCCTTAAGAAGTCCTACGAVGG-3'). For 
HAoccludin, this primer was combined with the second primer described 
above and the part of the PCR product containing the relevant sequences 
was cloned into the wild-type  sequence using KpnI and AatII. An anti- 
sense primer that  converted  serine-253  to  a  stop  (5'-AAAAATCTA- 
GATTAGCGC  GTCTTCTGGGCG-3')  was  combined  with  the  first 
primer mentioned above to generate HAoccludinCT3. The purified prod- 
uct was digested with NcoI and XbaI and the resulting fragment was used 
to replace the corresponding nucleotides in the cDNA coding for HAoc- 
cludin.  Both constructs were verified  by dideoxy sequencing. 
MDCK cells were transfected, selected, and cloned as described previ- 
ously (Matter et al., 1992). Cloned MDCK cells were tested for expression 
by immunofluorescence (see below). Homogeneously expressing clones 
(five for occludin,  four for HAoccludin, and six, derived from two differ- 
ent transfections, for HAoccludinCT3) were grown up and subsequently 
analyzed. 
Immunofluorescence 
Wild-type or transfeeted MDCK cells were grown on glass coverslips,  for 
screening of transfeetions, or on Transwell filters,  for localization  studies. 
The cells were preextracted with 0.2% Triton X-100 in 100 mM KCI, 3 mM 
MgC12, 1 mM CaCl2, 200 mM sucrose, and 10 mM Hepes (pH 7.1) for 2 
rain on ice and were immediately fixed with 95% ethanol (30 rain on ice). 
Then  the  samples were rehydrated  with PBS.  Similar results were ob- 
tained if the cells were fixed with 3% paraformaldehyde in PBS instead of 
ethanol. The preextraction with Triton X-100 was important for a clear la- 
beling of ZO-1 and no staining with anti-occludin antibodies was observed 
if the preextraction was omitted. Nevertheless, the preextraction could be 
avoided if ethanol fixed samples were postfixed with acetone for 1 rain.  In 
addition  to  the  above  described  fixation  methods, anti-HA  antibodies 
were also used in samples directly  fixed  with 3%  paraformaldehyde in 
PBS for 20 min and subsequently permeabilized with 0.1%  saponin or, al- 
ternatively,  in ceils fixed  with methanol at  -20°C for 10 rain.  The fixed 
cells were blocked for 10 min in PBS containing 0.5%  BSA, 10 mM gly- 
cine,  and  0.05%  sodium  azide  (if  saponin-permeabilized  cells  were 
stained, this buffer also contained 0.1% saponin). Primary antibodies were 
diluted in the same solution and incubated with the cells for 30-45  rain. 
Endogenous occludin  was labeled with an affinity purified polyclonal  anti- 
body (subsequently called ab A) generated against a fusion protein containing 
almost the entire COOH-terminal cytosolic  domain that cross-reacts with 
rat and dog occludin  (Fallon et al., 1995; see Fig. 1). Transfected chicken 
occludin  was visualized  with another antiserum (subsequently called ab B) 
that was raised with the same recombinant antigen but that did not cross- 
react with  dog occludin  (see Fig. 2 A). For the hemagglutinin epitope, a 
mouse monoclonal and a rabbit polyclonal  antibody were used that were 
raised against a peptide with the sequence MQDLPGNDNSTAGL (Daro 
et al.,  1996). Both antibodies were kindly  provided by Dr. Peter van der 
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monoclonal antibody R40.76 (kindly provided by Dr. James M. Anderson, 
Yale University) was used to localize ZO-1 (Anderson et al., 1988). After 
this first labeling step, the samples were rinsed three times with the same 
buffer and then incubated with affinity  purified and preadsorbed second- 
ary antibodies raised in donkeys and conjugated to DTAF or TRITC, re- 
spectively  (Jackson lmmunoresearch Laboratories, Inc.,  Westover, IA). 
After 30 rain,  the samples were washed again and mounted with Mowiol 
(Calbiochem Corp., La Jolla, CA). The samples were analyzed with a con- 
focal  laser scanning microscope (LSM 410 invert; Carl Zeiss, Inc., Thorn- 
wood, NY) equipped with an argon and a helium-neon laser for double 
fluorescence at 488 and 543 nm (emission filters:  BP510-525  and LP590) 
using a 63 x  Apachromat lens. 
Electron Microscopy 
For the morphological analysis by thin sections, filter-grown MDCK cells 
were fixed with 1.0% glutaraldehyde in 100 mM sodium cacodylate buffer 
(pH 7.4) for 45 min. After washing, the samples were postfixed with 1% 
OsO4  and subsequently processed and embedded in Epon as described 
(Hunziker et al., 1991). Sections were contrasted with 3% uranyl acetate 
and 1% lead citrate before observation. 
For immunolocalization  of HAoccludin  and  HAoccludinCT3,  filter- 
grown MDCK cells were fixed  with 3% paraformaldehyde in PBS for 30 
rain.  Then,  the  cells  were  permeabilized  and  residual  aldehydes  were 
quenched by two subsequent washes of 15  min each in PBS  containing 
0.1%  saponin, 10 mM glycine,  and 0.05%  sodium azide  (PBS-SGS). The 
samples were then incubated twice for 15 min in PBS-SGS containing 1% 
BSA. Subsequently, the cells were labeled with the monoclonal anti-HA 
antibody diluted in the same buffer. After I h, the cells were washed three 
times with PBS-SGS for a total period of time of 1.5 h. After an additional 
incubation for 30 min in 20 mM Na2HPO4  (pH 8.3) containing 145 mM 
KC1, 0.1%  saponin, and 1% BSA, the samples were labeled with protein 
A conjugated to colloidal  gold with a diam of 5 nm (Drs. G. Posthuma and 
J. W. Slot, Utrecht University). After 1 h, the cells were washed six times 
with the same butter for a total period of time of 3 h. The samples were 
subsequently postfixed  with  1%  glutaraldehyde  and  embedded  as  de- 
scribed above. 
For freeze fracture analysis,  monolayers grown in flasks (Falcon Plas- 
tics, Cockeysvillen,  MD) were fixed with 2.5%  glutaraldehyde in PBS for 
30 rain at 37°C, washed three times with PBS,  and cryoprotected by suc- 
cessive incubations in 10, 20, and 30%  glycerol,  for 30, 30, and 60 min, re- 
spectively.  They were then detached from the substratum as a sheet by 
gently scraping with a rubber policeman, placed on gold specimen holders, 
and  rapidly  frozen  in  the  liquid  phase  of partially  solidified  Freon  22 
cooled with liquid nitrogen. Freeze fractures were performed in a Balzers 
BAF 40(1 (Balzers Company, Liechtenstein) at -150°C and 5 ×  l0 -') bar. 
Fractured faces  were shadowed with platinum and carbon at 45 and 90  °  , 
respectively.  Replicas were cleaned with chromic mixture and washed in 
distilled  water, placed on 300 mesh copper grids and examined in an elec- 
tron microscope (JEM-2000EX: JEOL, Tokyo, Japan). 
Morphometric analysis was performed on micrographs of freeze frac- 
ture replicas,  printed at a magnification of 50,000. A  line  parallel to the 
main axis of the tight junction was traced, and a series of perpendicular 
lines was drawn (one every 200 nm). The number of strands of a given seg- 
ment of tight junctions was defined as the number of its intersections with 
the perpendicular line. 
Protein Analysis 
To detect expression by immunoblotting, filter-grown MDCK cells were 
washed twice with cold PBS and the filters were then cut from the frames, 
transferred to an eppendorf tube and boiled in SDS-PAGE sample buffer 
(300  txl per filter).  The samples were then separated on 6-14%  gradient 
gels and subsequently transferred to nitrocellulose. The same antibodies 
as described above were used to detect endogenous and transfected pro- 
teins  using the  ECL  chemiluminescence detection  system  (Amersham 
Corp., Arlington Heights, IL). 
Protein  polarity  was determined  by  cell  surface  biotinylation  using 
NHS-LC-Biotin (Pierce,  Rockford, IL) (Matter et al., 1993). Extraction of 
cells and immunoprecipitations were done as previously described (Balda 
et al., 1993). Na+K+-ATPase was immunopurified with a monoclonal anti- 
body against the cd chain (kindly provided by Dr. Michael  Caplan, Yale 
University). For total proteins, the cells were extracted with PBS contain- 
ing 0.5%  Triton X-10(}. Insoluble material was removed by centrifugation 
and the detergent was removed from the supernatant by methanol/chloro- 
form extraction. Biotinylation of total proteins and immunoprecipitated 
Na+K+-ATPase was determined after SDS-PAGE and transfer to nitro- 
cellulose  with HRP-conjugated streptavidin and ECL. 
Transepithelial Electrical Resistance 
TER was determined by applying an AC square wave current of -+ 20 jxA 
at 12.5 Hz with a silver electrode and measuring the voltage deflection 
elicited  with  a  silver/silver-chloride  electrode  using an EVOM  (World 
Precision Instruments) at 37°C in tissue culture medium (DME containing 
10% FCS) as described (Balda et al., 1993). TER values Were obtained by 
subtracting the contribution of the filter and bathing solution. To measure 
conductivity,  the medium of the filter cultures was carefully  aspirated and 
replaced by prewarmed 10 mM Hepes (pH 7.4), 1 mM sodium pyruvate, 
10 mM glucose, 3 mM CaCI~ containing either 145 mM NaCl (P buffer) or 
LiCl. The cells were incubated at 37°C for 10 rain before measuring TER. 
Paracellular  Flux 
To measure paracellular flux, FITC-dextran of various sizes was dissolved 
in P buffer (10 mg/ml) and dialyzed  against the same buffer. A stock solu- 
tion of HRP (20 mg/ml) was prepared in PBS and diluted to 10 Ixg/ml in P 
buffer before the assay. The experiment was started by transferring the fil- 
ter culture to a 12-well dish containing either 500 p.l per well P buffer, to 
measure flux in the apical to basolateral direction, or 500 Ixl per well of the 
tracer solution, to determine flux in the basolateral to apical  direction. 
Then, 250  ~l tracer solution or P buffer, respectively,  was added  to the 
apical side of the monolayers and the cells were incubated at 37~C. After 3 h, 
the media were collected,  and FITC-dextran was measured with a  fluo- 
rometer (excitation,  492 nm; emission, 520 nm), while HRP was assayed 
colorimetrically  (Matter et al., 1994). Similar results were obtained when 
P buffer was replaced by tissue culture medium, and the absolute amounts 
of paracellular flux in wild-type and transfected cells did  not depend on 
the direction of the concentration gradient. Paracellular flux of [3H]man- 
nitol was measured as previously using tissue culture medium (Balda et 
al.,  1993). Removal  of  aliquots  after  15,  30,  and  60  min  during  the 
[~H]mannitol  experiments resulted in the same values for paracellular flux 
in transfected cells relative  to nontransfected cells as the ones obtained af- 
ter 3 h. 
Fluid-phase Transcytosis 
To measure fluid-phase transcytosis, cells grown on filters were allowed to 
take up HRP (5 mg/ml in P buffer) for I0 min at 37°C. Internalization was 
stopped by cooling the cells on ice. Subsequently, the cells were washed 
six times for 3 min with cold P buffer containing 0.5%  BSA. The cultures 
were incubated again at 37°C for 90 min, and the media were collected 
and transcytosed HRP was measured with a colorimetric assay (Matter et 
aL, 1994). 
Diffusion of BODIP  Y-Sphingomyelin 
To label cells with the fluorescent lipid, sphingomyelin/BSA complexes (5 
nmol/ml) were prepared in  P  buffer using BOD1PY-FL-sphingomyelin 
(Molecular Probes, Inc.,  Eugene, OR) and  defatted  BSA  (Pagano and 
Martin, 1994). For confocal microscopy, filter-grown MDCK cells were la- 
beled with BODIPY-sphingomyelin/BSA complexes for 10  min on  ice. 
Then, the cells were washed with P buffer and incubated for 1 h on ice or 
directly  prepared for microscopy. To analyze the distribution of the fluo- 
rescent lipid, the filters were cut from the frame and mounted in P buffer 
on a glass slide  that had in each corner a drop of dried nail  polish. The 
samples were covered with a rectangular cover slip so that it was resting 
on the drops of nail polish (only the two short sides were sealed with nail 
polish to avoid increases in pressure in the light beam). The samples were 
then analyzed  by confocal microscopy as described  above. In wild-type 
MDCK cells, polar lipid staining was stable for at least 20 min and lateral 
appearance of BODIPY-sphingomyelin was preceded by internalization. 
All  pictures shown, however, were generated within  the  first  5  min of 
analysis. 
For the fluorometric analysis, filter-grown MDCK cells were labeled as 
described above hut for 20 rain. After washing, cold 4% defatted BSA in P 
buffer was added to the opposite side of the monolayer. After 90 min on 
ice, the BSA solutions were collected  and the cells were lysed in PBS con- 
taining 1% Triton X-100. Then, fluorescence extracted with BSA or deter- 
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sion, 512). Approximately 80%  of the fluorescence was extracted with 
defatted BSA if it was applied from the same side of the monolayer as the 
labeling. No significant amount of fluorescence was extracted if buffer 
without BSA was added, and there was no significant difference in total 
recovered fluorescence from one clone to another. 
Results 
Expression of Endogenous Occludin in MDCK Cells 
Occludin, a  membrane protein associated with tight junc- 
tions, was originally identified in chicken and was found to 
be  expressed  in  various  epithelial  tissues  (Furuse  et  al., 
1993). This protein is also present in tight junctions of rat 
hepatocytes suggesting that occludin might be a  common 
component of most, if not all, tight junctions (Fallon et al., 
1995). MDCK cells grown on a permeable support are an 
excellent model to study the assembly and the physiologi- 
cal functions of tight junctions (Cereijido et al,,  1978). To 
determine the usefulness of occludin as a tool to study the 
function of MDCK tight junctions, we first asked whether 
occludin is endogenously expressed by these cells. 
Fig. 1 A  shows a Western blot of total protein of MDCK 
cells incubated with a polyclonal antibody generated against 
a recombinant antigen containing the COOH-terminal do- 
main of chicken occludin (ab A; Fallon et al., 1995). Simi- 
lar to chicken and rat liver  (Furuse et  al.,  1993; Fallon et 
al.,  1995), the anti-occludin antibody recognizes a protein 
of ~64 kD. To test whether this immunoreactive protein is 
expressed  in  tight  junctions,  we  processed  MDCK  cells 
grown on a permeable support for indirect double immuno- 
fluorescence using the anti-occludin  antibody and mono- 
clonal R40.76 which recognizes ZO-1, a  peripheral  mem- 
brane  protein  of tight junctions  (Anderson  et  al.,  1988). 
The  samples  were  analyzed  by  serial  confocal  sections. 
Shown  are  four such confocal sections for each  staining: 
two containing tight junctions, one derived from the area 
just  underneath  the junction,  and one from near the bot- 
tom of the cells (Fig.  1 B). The sections show clearly that 
the  anti-occludin  antibody stains  the  most  apical  part  of 
the lateral plasma membrane and that this region also con- 
tains ZO-1, a well-established marker for tight junctions in 
MDCK cells (Stevenson et al., 1989). Relative to occludin, 
the ZO-1 staining appears to be slightly more extended at 
both ends of the labeled region (e.g., top left corners of the 
first panels and bottom right corners of the third panels).  It 
is not clear, however, whether this is due to a slightly nar- 
rower distribution of occludin or to the weaker fluorescent 
signal obtained with the anti-occludin antibody. Neverthe- 
less, MDCK cells express endogenous occludin that is lo- 
calized to the region of the lateral membrane correspond- 
ing to tight junctions. 
Transfected Chicken Occludin and 
Epitope-tagged Occludin are Transported to Tight 
Junctions of MDCK Cells 
To  address  questions  focusing  on  the  assembly  of tight 
junctions  and  the  function(s)  of  occludin  we  expressed 
wild-type chicken occludin and  a  mutant protein  with  an 
NH2-terminal  epitope  derived  from  influenza  virus  he- 
magglutinin (Daro et al., 1996). Stably transfected MDCK 
cell lines were generated and analyzed by immunoblot and 
immunofluorescence.  To distinguish  between  transfected 
and endogenous occludin, we made use  of another  poly- 
clonal antibody (ab B), generated against the recombinant 
chicken antigen, that does not recognize dog occludin. 
Immunoblots  (Fig.  2  A)  demonstrated  that  this  anti- 
chicken occludin antibody (ab B) recognizes a  protein  of 
the correct molecular weight  in transfected  hut  not non- 
transfected  (wild-type)  cells  indicating  that  it  is  indeed 
specific  for chicken  occludin.  As  expected,  the  anti-HA 
antibody  recognized  a  specific  band  only  in  transfected 
MDCK cells. As shown previously for MDCK cells trans- 
fected with LDL and Fc receptor using the same expres- 
sion vector (Matter et al., 1992), overnight incubation with 
Figure 1.  Expression  of en- 
dogenous occludin in MDCK 
cells.  (A)  Filter-grown 
MDCK  cells  were  lysed  by 
boiling  in  SDS  gel  sample 
buffer. The sample was sepa- 
rated  on  a  6-14%  gradient 
gel  and  subsequently  trans- 
ferred  to nitrocellulose. The 
blot  was  incubated  with  a 
polyclonal  antibody  raised 
against  a  recombinant  anti- 
gen  containing  the  COOH- 
terminal  domain  of chicken 
occludin  (ab  A).  (B)  Filter- 
grown  MDCK  cells  were 
fixed  and processed for dou- 
ble  immunofluorescence  us- 
ing the polyclonal anti-occlu- 
din antibody (ab A; top four 
panels) and monoclonal antibody R40.76 against ZO-1 (bottom  four panels). The samples were analyzed by serial optical sections (one 
section every 0.9 ixm). Shown, from left to right, are two subsequent sections through the junctional area, a section immediately under- 
neath tight junctions and a section from the basal end of the cells, The background fluorescence at the base of the cells in the TRITC 
channel (top right  panel) was also observed in unstained cells and appeared to be caused by reflections of the filter caused by the long 
wavelength laser. Bar, 10 i~m. 
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in transfected MDCK cells. Expression of chicken occludin and 
HAoccludin (A) and HAoccludinCT3 (B) in stably transfected 
MDCK cells was analyzed by immunoblots as described in Fig. 1 A 
for endogenous occludin. Chicken occludin was detected with a 
polyclonal antibody that did not cross-react with dog occludin 
in  non  transfected  (wild-type)  cells  (ab  B).  HAoccludin  and 
HAoccludinCT3 were visualized  with a polyclonal antibody spe- 
cific for the hemagglutinin epitope. Note that the anti-occludin 
antibody (ab A) only recognizes endogenous but not transfected 
occludin in cells  expressing HAoccludinCT3 (B). In some sam- 
pies, expression of the transfected cDNAs was further enhanced 
by an overnight incubation with 10 mM sodium butyrate. 
10 mM sodium butyrate induced an increased expression 
of both transfected cDNAs. Thus, both proteins could be 
expressed in MDCK cells and detected with specific anti- 
bodies. 
We next analyzed the subcellular distribution of the ex- 
pressed  proteins  in  filter-grown  MDCK  cells  by double 
immunofluorescence combined with confocal microscopy. 
Similar to endogenous occludin, transfected chicken occlu- 
din  (not  shown)  and  HA-occludin  (Fig.  3,  top  sections; 
shown are cells treated with sodium butyrate and stained 
with the anti-HA antibody) were found to colocalize with 
ZO-1 (bottom sections)  in sections through the most apical 
part of the lateral plasma membrane. No fluorescence sig- 
nal  was obtained  when  nontransfected  wild-type MDCK 
cells were stained with the anti-chicken occludin antibody 
(ab B) or the anti-HA antibody (not shown). These  data 
suggest that chicken occludin and HAoccludin are proba- 
bly  integrated  into  tight  junctions  of  stably  transfected 
MDCK cells indicating that the NH2-terminal HA epitope 
does not interfere with targeting and assembly. 
To test whether transfected occludin is indeed incorpo- 
rated into tight junctions, we labeled fixed and permeabi- 
lized  cells  expressing  HAoccludin  with  the  monoclonal 
anti-HA antibody followed by protein A-gold. After em- 
bedding in Epon, thin sections were cut and observed in an 
electron  microscope. Fig. 4, A-C shows that  the labeling 
was restricted to the region of tight junctions and was very 
near to the junctional membrane indicating that HAocclu- 
din  was  incorporated  into  tight  junctions  of transfected 
MDCK cells. 
Expression of Occludin Induces Increased 
Transepithelial Electrical Resistance 
An important function of tight junctions is the formation 
of a  tight  seal between  neighboring cells  in  an  epithelial 
sheet. Since occludin is a membrane protein it might be in- 
volved in the sealing  of tight junctions.  In low resistance 
epithelia like MDCK strain 2, TER is a direct indicator for 
the tightness  of the paracellular  seal (Gonzfilez-Mariscal, 
1991; Reuss, 1991). Therefore, we next measured TER of 
monolayers formed by wild-type and transfected cells on a 
permeable  support.  Since expression  of the two occludin 
cDNAs did not affect the  number of cells per filter  (not 
shown),  TER  from  different  cell  lines  could  be  directly 
compared. 
Fig. 5 A shows that expression of occludin and HAocclu- 
din resulted in an increase in TER by more than a factor of 
two.  If occludin  expression  was  further  increased  by  an 
overnight incubation with sodium butyrate (Fig. 5 A), the 
increase  was  approximately  fourfold  compared  with  bu- 
tyrate-treated wild-type MDCK cells (Fig. 5 B). All tested 
clones expressing  either chicken occludin or HAoccludin 
exhibited  a  significantly higher TER and responded  with 
an additional increase upon induction of higher expression 
levels  (mean  values  and  SDs  for all  analyzed clones  are 
given  in  the  legend  of Fig.  5).  Different  clones  of cells 
Figure  3.  Subcellular  distribution  of 
HAoccludin  in  transfected  MDCK 
cells.  Stably  transfected  MDCK  cells 
expressing  HAoccludin  (shown  are 
cells induced with 10 mM sodium bu- 
tyrate) were grown on filters  and pro- 
cessed  for  double  immunofluores- 
cence as in Fig.  1 B. HAoccludin was 
detected  with  the polyclonal anti-HA 
antibody (top panels) and  ZO-1  with 
monoclonal  antibody  R40.76  (bottom 
panels). Shown, from left to right,  are 
two  subsequent  sections  through  the 
junctional area, a section immediately 
underneath  tight junctions  and  a  sec- 
tion  from the  basal  end  of the  cells. 
Bar, 10 Ixm. 
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the same expression vector did not exhibit any significant 
change in TER (control in Fig. 5). Also clones of MDCK 
strain  2  cells  expressing  other  cDNAs  of proteins  unre- 
lated to tight junctions (e.g., Fc receptor, ERGIC53) gen- 
erated in our laboratory never exhibited significant varia- 
tions  in  TER  (not  shown).  This excludes  the  possibility 
that the large increases in TER found for cells expressing 
chicken occludin or HAoccludin  are due  to clonal varia- 
tions. Thus, overexpression of occludin enhances the elec- 
trical tightness of MDCK monolayers. 
The total resistance of an epithelial monolayer is a func- 
tion  of the  transcellular  resistance (the  sum of the  resis- 
tances  of the  apical  and  basolateral  plasma membrane) 
and the paracellular resistance (Reuss,  1991).  Since these 
two resistors are arranged in parallel and the transcellular 
resistance is several hundred  times bigger than the para- 
cellular resistance in MDCK cells (Gonz~ilez-Mariscal et al., 
1989),  TER  essentially  equals  paracellular  resistance  in 
this cell line (65 to 75 ~cm2). Furthermore, since the total 
resistance of a  circuit containing  two resistors in parallel 
cannot be bigger than either one  of the two single resis- 
tors, the two to fourfold increase in TER in cells express- 
ing full-length chicken occludin must be due to a higher re- 
sistance  of the  paracellular  pathway.  This  conclusion  is 
also supported by the finding that both chicken occludin 
and HAoccludin were found in tight junctions (Fig. 3 and 
Fig. 4, A-C) and that the increase in TER was found to de- 
pend on the amount of expressed occludin (Fig. 2 A  and 
Fig. 5). 
Deletion of the COOH-terminal Domain of 
Occludin Causes a Discontinuous  Junctional 
Distribution  of Transfected and 
Endogenous Occludin 
Based on its amino acid sequence, occludin has been pre- 
Figure 4.  Transfected HAoc- 
cludin  and  HAoccludinCT3 
are integrated into tight junc- 
tions.  MDCK  cells  express- 
ing  HAoccludin  (A-C)  or 
HAoccludinCT3  (D-F) 
were  fixed,  permeabilized 
with  saponin,  and  labeled 
with  the  monoclonal  anti- 
body  anti-HA  followed  by 
protein  A-gold.  The  cells 
were then postfixed with glu- 
taratdehyde  and  embedded 
in  Epon.  Shown  are  micro- 
graphs of thin  sections.  The 
higher  density  of gold in la- 
beled  junctions  of  cells  ex- 
pressing  HAoccludinCT3 
might  be caused  by patches 
of HAoccludinCT3  observed 
by confocal  immunofluores- 
cence microscopy (see below). 
Arrows in A and D point to 
labeled tight junctions. A and 
D: Bar, 200 nm. B, C, E, and 
F: Bar, 150 nm. 
dicted to possess four transmembrane domains with both 
ends in the cytosol (Furuse et al.,  1993).  This model was 
supported by the finding that the COOH-terminus of oc- 
cludin can bind the cytosolic protein ZO-1 in vitro (Furuse 
et al., 1994).  To test whether this large cytosolic COOH- 
terminal domain is important for the  normal functioning 
of occludin and whether this would allow us to dissect the 
different functions of tight junctions, we generated MDCK 
cell lines expressing an epitope-tagged truncated  protein 
lacking the entire COOH-terminal domain except the first 
three amino acids predicted  to follow the last transmem- 
brane domain (HAoccludinCT3). Immunoblotting with the 
anti-HA antibody demonstrated  that  this  truncated  pro- 
tein was expressed (Fig. 2 B). The distribution of the mu- 
tant occludin was analyzed in monolayers grown on per- 
meable supports by double immunofluorescence using the 
monoclonal anti-HA antibody, to visualize HAoccludinCT3, 
and another antibody specific for ZO-1. 
Z-sections generated with  a  confocal microscope dem- 
onstrated that HAoccludinCT3  colocalized with ZO-1  in 
the most apical part of the lateral plasma membrane (Fig. 
6 A) suggesting that the  COOH-terminally truncated oc- 
cludin  was  targeted  to  tight  junctions.  To  confirm  this, 
cells expressing HAoccludinCT3  were processed for im- 
munoelectron microscopy as described above. Fig. 4, D-F 
shows that HAoccludinCT3 was indeed incorporated into 
tight  junctions  of  transfected  MDCK  cells.  Thus,  the 
COOH-terminal  cytoplasmic domain  is  not  required  for 
targeting of transfected occludin to tight junctions. It is not 
clear yet whether this means that the COOH-terminal do- 
main  does  not  contain  any  targeting  information  or 
whether  the  transfected  mutant  occludin  is  dragged  to 
tight junctions due to interactions with endogenous junc- 
tional components (see below). 
Horizontal sections through the same fluorescent sam- 
ples revealed that HAoccludinCT3, although transported 
to  tight junctions,  did  not  form  a  continuous  junctional 
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chicken occludin and  HAoccludin. Wild-type MDCK  cells (wt 
MDCK) and cells expressing either chicken occludin, HAocclu- 
din, or LDL receptor (control) were plated on filters for at least 
4 d. TER was then measured without (A) or with (B) an over- 
night incubation with  sodium butyrate.  The  background resis- 
tance obtained from empty filters was then deducted and the val- 
ues were divided by the average resistance of wild-type MDCK 
cells. Values given represent mean values (± 1 SD) of five inde- 
pendent clones for occludin, four for HAoccludin, and three for 
control transfections. The average TER of wild-type MDCK cells 
was 69 ±  7 ~cm  2 without sodium butyrate and 75 ___ 9 l~cm  2 with 
sodium butyrate. The values (_  1 SD) for TER  (in l~cm  2) of 
single clones derived from at least two independent determina- 
tions performed in duplicate were  as following (the first value 
represents TER  without  and  the  second value, in parenthesis, 
with sodium butyrate): Occludin, 129 ±  19 (302  ±  34),  159  ±  15 
(295  ±  24), 145 ±  22 (264  ±  33), 193 ±  12 (352 ±  20), and 120 ± 
11 (215 _+_ 9), average of all clones 149 ± 29 (286 ±  51); HAocclu- 
din, 170 ±  24 (316  +16), 151  ±  10 (276  +  28), 124 ±  10 (249  ± 
17), and 210 ±  15 (375 ± 27), average of all clones 164 ± 36 (304 ± 
55); control transfections, 64  ±  8 (65  ±  9), 74 +  7 (72  ±  3), and 
74 ±  6 (81  ±  8), average of all clones 71  ±  6 (70 ±  5). The TER 
values of monolayers formed by clones expressing occludin or 
HAoccludin, respectively, were significantly (P <0.001 in t tests) 
higher than those of wild-type cells or control transfections. 
ring (Fig. 6 B). The staining of HAoccludin never revealed 
such  discontinuities (Fig. 6  B).  ZO-1,  however,  was  still 
forming  a  continuous  junctional pattern,  similar to  cells 
expressing  HAoccludin,  but  appeared  sometimes  to  be 
slightly more  concentrated  in  areas  that  also  contained 
HAoccludinCT3 (Fig. 6 B). The discontinuous distribution 
of HAoccludinCT3 was found not to be due to the optical 
sections  since  an  extended  focus  of depth  generated  by 
overlaying four serial sections through the junctional area 
revealed the same discontinuities (Fig. 6  C). Additionally, 
Figure 6.  Subcellular distribution of HAoccludinCT3. (A) Filter- 
grown MDCK cells stably expressing HAoccludinCT3 (induced 
with sodium butyrate) were preextracted with Triton X-100, and 
fixed and  processed for double immunofluorescence using the 
polyclonal antibody anti-HA and a monoclonal antibody recog- 
nizing  ZO-1.  The  samples were  analyzed by z-sectioning.  (B) 
HAoccludinCT3- and HAoccludin-expressing cells (not preincu- 
bated with sodium butyrate), were processed and stained in the 
same way as the cells in A but analyzed by horizontal sectioning. 
(C) An extended focus of depth (four serial sections) of butyrate- 
treated, HAoccludinCT3-expressing cells suggests that  the  dis- 
continuities were not caused by the optical sectioning. To make 
sure that no continuities would be missed, the photomultiplier 
sensitivity was increased, causing the brighter appearance of the 
patches). (D) Butyrate-treated, HAoccludinCT3-expressing cells 
fixed with paraformaldehyde, permeabilized with saponin, and 
stained with the monoclonal anti-HA antibody also exhibited a 
discontinuous distribution of the  transfected truncated protein. 
Bars, 5 Ixm. 
the  anti-HA  antibody  also  revealed  a  faint  intracellular 
staining that appeared to at least partially colocalize with a 
membrane protein of the Golgi complex (not shown). The 
same  discontinuous  distribution  of HAoccludinCT3  was 
observed if the cells were directly fixed with paraformal- 
dehyde and permeabilized with saponin  (Fig. 6  D).  Also 
cells fixed with ethanol/acetone or methanol (see Materi- 
als and  Methods  for details of the  fixation methods)  re- 
vealed the discontinuous distribution of HAoccludinCT3. 
Since all these different fixation methods  resulted in the 
same  distribution  of HAoccludinCT3,  it  is  unlikely that 
the discontinuities were due to a fixation artifact. 
Furthermore, the staining for HAoccludinCT3 was dis- 
continuous whether or not the cells were treated with bu- 
tyrate (Fig. 6 B shows cells not treated with butyrate while 
the  cells shown  in D  and  E  had  been preincubated with 
butyrate).  These  immunocytochemical  studies  indicate 
that  the  COOH-terminal  cytoplasmic  domain  of  trans- 
fected occludin appears to be dispensable for targeting but 
required  for  the  proper  arrangement  within  tight  junc- 
tions. 
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ous junctional  ring of endogenous occludin as observed by confo- 
cal fluorescence  microscopy.  (A) Butyrate-treated, HAoccludin 
CT3-expressing cells were permeabilized and fixed as in Fig. 6 A 
and subsequently stained for the transfected mutant occludin using 
the monoclonal anti-HA antibody and for endogenous occludin 
with the polyclonal anti-occludin  antibody (ab A). (B) Butyrate- 
treated, wild-type MDCK, fixed and stained for endogenous oc- 
cludin as in A, did not reveal discontinuities  in the distribution  of 
occtudin. (C) An extended focus of depth derived  from four se- 
rial sections taken from the sample as the one shown in A (shown 
is the staining  for endogenous occludin)  demonstrates that the 
discontinuities in the distribution  of endogenous occludin are not 
due to the optical sections. Bars, 5 ixm. 
We next tested whether expression of HAoccludinCT3 
interferes  with  the  distribution  of endogenous  occludin. 
Since the anti-occludin antibody mentioned above (ab A) 
was raised against a  recombinant antigen containing only 
the COOH-terminal cytoplasmic domain of occludin and, 
consequently, failed to recognize HAoccludinCT3 on im- 
munoblots (Fig. 2 B), we could visualize the endogenous 
protein  with  this  antibody  and  HAoccludinCT3  with  an 
antibody specific for the hemagglutinin epitope. 
Horizontal  optical  sections  showed  that  endogenous 
occludin did not form a continuous junctional ring in cells 
expressing HAoccludinCT3 but colocalized with the trun- 
cated protein (Fig. 7 A). In contrast, such discontinuities 
were  not  observed in  wild-type MDCK cells (Fig. 7  B). 
As above, an extended focus of depth confirmed the dis- 
continuities  (Fig.  7  C).  Transfected  cells did  not  exhibit 
lower levels of endogenous occludin by immunoblot (not 
shown) indicating that the gaps are not due to less protein 
but  to  a  redistribution  of endogenous  occludin.  Hence, 
HAoccludinCT3 not only failed to form a continuous junc- 
tional ring but  also  disrupted  the  normal distribution  of 
endogenous occludin. This indicates that endogenous and 
transfected occludin appear to interact with each other. It 
is  not clear yet whether this  occurs directly or indirectly 
via another protein. 
The finding that even endogenous occludin is discontin- 
uously distributed in cells expressing HAoccludinCT3 also 
argues against the possibility that the patching could have 
been induced by fixation since it is difficult to imagine why 
the  fixation properties of the same protein should  be so 
different  in  different  cell  lines.  Nevertheless,  one  could 
imagine that junctions of HAoccludinCT3-expressing cells 
vesiculated upon fixation and,  therefore, transfected and 
endogenous occludin colocalized in the observed patches. 
However, cells fixed with paraformaldehyde and perme- 
abilized  with  saponin  did  also  exhibit  the  discontinuous 
distribution  of  HAoccludinCT3  by  confocal  microscopy 
(Fig.  6  D),  but,  if  observed  by  electron  microscopy, 
showed intact junctions,  which were labeled by the  anti- 
HA antibody and protein A-gold indicating the presence 
of HAoccludinCT3  (Fig. 4, D-F). Since the cells in these 
two sets of experiments were fixed and permeabilized in 
the same way and only postfixed for EM after all the label- 
ing and wash steps, it can be excluded that the discontinui- 
ties observed by confocal microscopy were caused by a ve- 
siculation of the junctions. 
Of all the junctional proteins tested, endogenous occlu- 
din was the only one that significantly changed its distribu- 
tion  upon  expression  of HAoccludinCT3.  Neither  rab8, 
which colocalizes with ZO-1 in MDCK cells (Huber et al., 
1993),  components  of  other  cell--cell  junctions  (E-cad- 
herin,  desmoglein, desmoplakin), nor actin filaments ex- 
hibited  any  alterations  by fluorescence  microscopy (not 
shown). 
Discontinuous Distribution of Occludin in Transfected 
Cells Is Affected by Neighboring Wild-type Cells 
Since occludin is a  transmembrane component of a  cell- 
cell junction  it might interact with junctional  proteins of 
neighboring cells. If this were true, the distribution of oc- 
cludin in one cell might affect the distribution of occludin 
in a neighboring cell. To test this, we plated a mix of wild- 
type MDCK and HAoccludinCT3 transfected cells on filters. 
After formation of monolayers, the  cells were processed 
for immunofluorescence and stained for HAoccludinCT3 
and endogenous occludin. 
Fig.  8  shows  the  two  stainings  in  an  optical  section 
through  the  junctional  area  of  a  monolayer  formed  by 
transfected  (recognizable by the  weak  intracellular  fluo- 
rescence)  and  wild-type  cells.  If  two  HAoccludinCT3- 
expressing cells touched each other and formed junctions, 
endogenous occludin and transfected occludin exhibited a 
discontinuous  staining  pattern.  In  contrast,  junctions 
formed by a transfected and a wild-type cell revealed only 
a  very  faint  but  apparently  continuous  staining  for 
HAoccludinCT3. Since it could be that occludin is mediat- 
ing homotypic cell-cell contacts, the  uneven distribution 
of HAoccludinCT3 could be caused by the species differ- 
ence. This is rather unlikely, however, since the intensity 
of  the  staining  of  HAoccludinCT3  along  heterologous 
junctions  did  not  change  if the  wild-type  cells  were  re- 
placed by cells expressing wild-type chicken occludin (not 
shown). 
In the case of endogenous occludin, the discontinuities 
in the staining disappeared in junctions formed by a trans- 
fected and  a  wild-type cell.  The  continuous  staining  ap- 
peared to be brighter between cells of different origins (ar- 
rows) than  between  two  wild-type  cells  (arrowheads). 
Transfected cells, however, did not reveal a higher level of 
endogenous occludin by immunoblot (not shown), and the 
protein  did  not  appear  to  be  depleted  from  contacts 
formed by the  same transfected cell with  another  trans- 
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of occludin in cells  expressing HAoccludinCT3. Wild-type and 
HAoccludinCT3-expressing MDCK cells were mixed in a 1:1 ra- 
tio and plated on filters. After 4 d the cells were fixed and the dis- 
tribution of endogenous occludin and HAoccludinCT3 was ana- 
lyzed by double immunofluorescence as in Fig. 7 A. Shown are 
the stainings obtained in a confocal section at the level  of tight 
junctions. Transfected ceils can be recognized by the faint intra- 
cellular dots. Arrows mark borders between a transfected and a 
wild-type cell; arrowheads point to junctions between two wild- 
type cells. Bar, 5 izm. 
fected cell arguing against a  preferential  accumulation of 
endogenous occludin at heterologous junctions. Since our 
antibody was raised against the COOH-terminal cytoplas- 
mic domain of occludin, which is known to interact  with 
ZO-1  (Furuse et al.,  1994), it could be that the enhanced 
labeling was due to a better accessibility of the epitope(s) 
in  transfected  cells.  This  possibility  is  supported  by  the 
finding  that  in  wild-type  cells  the  antibody  labels  tight 
junctions only if the cells were extracted with Triton X-100 
before fixation indicating that the detergent removes cel- 
lular  components  that  limit  the  accessibility  of the  anti- 
body to the COOH-terminal cytosolic domain (not shown). 
Nevertheless,  the observation that the distribution  of en- 
dogenous  and  transfected  occludin  in  cells  expressing 
HAoccludinCT3 is affected by neighboring cells express- 
ing only full-length  oceludin  indicates  that  occludin is  at 
the very least  a  subunit  of a  complex that forms cell-cell 
contacts. 
Expression of  Full-Length and Truncated Occludin 
Does Not Affect the Appearance of Tight Junctions in 
Thin Sections 
To test whether the expression of wild-type or mutant oc- 
cludin  affects  the  morphology of tight junctions,  we em- 
bedded  glutaraldehyde-fixed  wild-type  and  transfected 
cells  that  had  or  had  not  been  treated  with  butyrate  in 
Epon. Micrographs taken from thin sections derived from 
some of these samples are shown in Fig. 9. 
A  comparison  of wild-type  MDCK  cells  that  had  not 
been (A-C) or had been treated with butyrate  (D-F) did 
not reveal any evident morphological difference. Further- 
more, the expression of chicken occludin in MDCK cells 
did also not cause an altered morphology of tight junctions 
(G-l,  shown  are  butyrate-treated  cells).  Particularly,  we 
did not observe an induction of multilamellar structures as 
it has been described for overexpression of chicken occlu- 
din in insect cells (Furuse et al., 1996). Interestingly, cells 
expressing HAoccludinCT3, which causes a  disruption of 
the  continuous junctional  distribution  of endogenous oe- 
cludin, exhibited an unchanged morphology of tight junc- 
tions (K-M, shown are butyrate-treated  cells).  Thus, nei- 
ther the  expression  of chicken occludin nor of truncated 
occludin  affects  the  morphological  appearance  of  tight 
junctions in MDCK cells in thin sections. 
Expression of  HAoccludinCT3 Results in Monolayers 
with Increased TER 
Since  we  observed  a  discontinuous  distribution  of trans- 
fected and endogenous occludin in cells expressing HAoc- 
cludin  CT3,  it  was  of a  particular  interest  to  determine 
whether these cells would still form an electrically tight ep- 
ithelial  monolayer.  To  do  this,  we  plated  wild-type  and 
transfected cells on filters and measured TER. 
Fig. 10 A  shows that in the absence of sodium butyrate 
HAoccludinCT3-transfected  cells  showed  an  increase  in 
Figure  9.  Transfection  of 
wild-type and  mutant occlu- 
din does not cause morpho- 
logical  alterations.  Filter- 
grown  wild-type  and  trans- 
fected  MDCK  cells  were 
fixed,  embedded  in  Epon, 
and  thin  sections  were  ob- 
served in an electron micro- 
scope.  Shown  are  pictures 
derived  from  wild-type 
MDCK  without  (A-C)  and 
with a preincubation with so- 
dium  butyrate  (D-F),  bu- 
tyrate-treated  cells  express- 
ing chicken occludin (G-I) or 
HAoccludinCT3  (K-M). 
Note that punctate apparent 
fusions of outer leaflets  were 
generally not visible but that in those cases where the two adjacent membranes could be clearly resolved, the gap was filled with mate- 
rial with a similar density as the cytosol of the cells (e.g., C, E, I, M). Bars, 250 nm (A, D, G, and K), and 90 nm (B, C, E, F, H, 1, L, 
and M). 
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ing HAoccludinCT3. Wild-type (wt MDCK) and transfected cells 
were plated and TER was measured either without (A) or with 
(B) an overnight incubation with sodium butyrate and calculated 
as described in Fig. 5. Values given represent mean values (+_  1 
SD) of six independent clones expressing HAoccludinCT3. The 
values for wild-type MDCK and HAoccludin-expressing cells are 
the same as the ones shown in Fig. 5 and are given to facilitate 
comparison (TER of these cell lines  was measured at the same 
time). The values (-+ 1 SD) for TER, derived from at least two in- 
dependent determinations performed in duplicate,  of single clones 
expressing  HAoccludinCT3 were  as  following  (the  first  value 
represents TER (in 12cm  2) without and the second value, in pa- 
renthesis, with sodium butyrate): 156 _+ 18 (138  _+ 20),  145 _+14 
(195 _+ 23), 136 -+ 8 (145 -+ 12), 172 -+ 19 (230 -+ 26), 122 _+ 6 (188 -+ 
27), and 143 _+_ 10 (218 _+ 15), average of all clones 146 _+17 (186 _+ 
37).  All  of these  values  are  significantly  (P  <0.001  in  t  tests) 
higher than those of wild-type cells or control transfections. TER 
readings of wild-type cells and cultures expressing HAoccludin or 
HAoccludinCT3, respectively, did not reveal fluctuations if mea- 
sured over a time period of 3 h. 
TER  (by about  a  factor of 2)  similar  to cells  expressing 
HAoccludin. In contrast to the latter cells, however, over- 
night incubation with sodium butyrate  resulted  in only a 
small additional stimulation of TER (Fig. 10 B) even though 
the induction resulted in similar levels of expression in both 
types  of clones  (Fig.  2).  Nevertheless,  HAoccludinCT3- 
expressing cells were found to be capable of establishing 
monolayers that were electrically tighter than those formed 
by wild-type MDCK cells. As in the cases of chicken occlu- 
din and HAoccludin, all tested clones, a total of six derived 
from two independent transfections, exhibited a  significant 
increase in TER (mean values and SD are given in the leg- 
end of Fig. 10). As explained above, such large increases in 
TER of MDCK strain 2 cells must be due to changes in the 
paracellular  resistance.  Thus,  also expression  of COOH- 
terminally  truncated  occludin  results  in  increased  resis- 
tance  of the  paracellular  pathway.  Since  transfected  and 
endogenous  occludin  exhibited  a  discontinuous  distribu- 
tion if observed by fluorescence microscopy, a continuous 
junctional  distribution  of occludin does not appear to be 
required  for the  formation  of electrically  tight  epithelial 
monolayers. 
Increased TER in Transfected Cells Does Not Correlate 
with Increased Number of Strands in Freeze-Fractures 
In freeze-fracture replicas, tight junctions appear as a net- 
like meshwork of strands formed by intramembrane parti- 
cles (Staehelin,  1973). Since tissues with a high TER gen- 
erally possess a higher number of those junctional strands, 
it has been proposed that they represent  the actual diffu- 
sion barriers  (Claude,  1978). Nevertheless,  tight junctions 
with  a  very similar  pattern  of intramembrane  fibrils  can 
have very different permeabilities and electrical properties 
(Martinez-Palomo  and Erlij,  1975, Stevenson et al.,  1988, 
Gonz~lez-Mariscal et al., 1989). Since occludin appears to 
be closely associated  with these  intramembrane  fibrils  in 
tight junctions  of chicken  liver  (Furuse  et  al.,  1996),  we 
tested whether expression of wild-type and mutant chicken 
occludin in MDCK cells causes changes in the appearance 
of those intramembrane fibrils. 
Fig.  11  shows that  the  butyrate  treatment  by itself did 
not  cause  any  major  changes  in  the  pattern  of  the  in- 
tramembrane  fibrils  of control  transfections  (A  without 
and B  with butyrate). Identical results were obtained with 
wild-type MDCK cells (not shown). Furthermore,  quanti- 
fication of the number of strands  revealed  a  very similar 
distribution  under  these  conditions  and  a  slight  shift  to- 
wards  fewer number  of strands  in  cells  treated  with  bu- 
tyrate  (Fig.~ 12;  average  number  of strands  in  untreated 
wild-type  cells  was  3.3  +_  1.6  and  2.7  _+  1.1  in  butyrate- 
treated cells, the values for control transfections were 3.5 -+ 
1.9 and 2.8  +-  1.2, respectively).  While it cannot be ruled 
out that this slight reduction is due to experimental  varia- 
tion,  it was not paralleled  by significant changes in TER 
(see legend of Fig. 5) or paracellular flux (see below). 
We  next  analyzed freeze-fractures  of MDCK cells  ex- 
pressing either chicken occludin (Fig. 11, C and D) or HA- 
occludin (Fig. 11, E  and F). Clones with average increases 
in TER were chosen for the analysis  (occludin: 129  _+ 24 
f~cm  2 without and 302 _+ 34 flcm  2 with butyrate; HAocclu- 
din:  170  _+  24 l'/cm  2 without  and  316  _+16 l)cm2).  While 
single  pictures  taken  from those  freeze-fractures  did  not 
exhibit  dramatic  differences,  the quantification  shown  in 
Fig. 12, which is derived from at least nine images for each 
clone  indicated  an  increase  in  the  average  number  of 
strands  for  cells  expressing  chicken  occludin  (3.8  +  1.9 
without and 4.7  _+ 2.6 with butyrate) while  no significant 
Figure 11.  Freeze-fracture EM of MDCK tight junctions. MDCK cells were fixed with glutaraldehyde and processed for freeze-fracture. 
Shown are images of replicas derived from control transfections (A without and B with sodium butyrate) and MDCK cells expressing 
chicken occludin (C without and D with sodium butyrate), HAoccludin (E without and F with sodium butyrate), or HAoccludinCT3 (G 
without and H with sodium butyrate). There were no apparent differences between the samples in the ratio of strands that fractionated 
with the P or the E face, respectively. Bar, 200 nm. 
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Figure 12.  Quantitative  analysis  of freeze-fracture replicas  de- 
rived  from wild-type and  transfected  MDCK  cells.  Images of 
freeze-fractures  derived  from  wild-type  and  transfected  cells 
were quantified as described under Material and Methods. The 
values for control transfections and cells expressing chicken oc- 
cludin or HAoccludin were derived from single  clones, and the 
ones  for HAoccludinCT3 were  generated  from two  different 
clones. The number of junctional segments scored in each clone 
was between  104 and 278  (derived  from 9-12 images),  corre- 
sponding to 20-55 I~m of tight junctions. The distribution of junc- 
tional strands in a given clone was computed by the number of 
times (hi) it consisted of 1, 2 .....  i strands. To ease comparisons 
between the distribution of different clones of MDCK cells, the 
total number of segments counted in a given clone was taken as 
100%  and segments of tight junctions having 1, 2 .....  i strands 
were expressed as percentage. Average number of strands (first 
value,  without  sodium  butyrate; second value,  in  parenthesis, 
with sodium butyrate): wild-type MDCK, 3.2 +- 1.6 (2.7  +__ 1.1); 
occludin, 3.8 -+ 1.9 (4.7 _  2.6), HAoccludin 3.5 -  1.7 (2.9 _  1.4), 
HAoccludinCT3, 3.6 --+ 1.9 (2.3 -+ 1.4), and control transfection, 
3.5 --+ 1.9 (2.7 --+ 1.2). [2, wild type; <~, occludin; ~7, HAoccludin; 
~, HAoccludinCT3; ©, control. 
change occurred in cells expressing HAoccludin (3.5 -+ 1.7 
without and 2.9 +  1.4 with butyrate). While this difference 
could be due to clonal variation, it could also mean that 
the NH:-terminal epitope interferes with a function of oc- 
cludin in the formation of the intramembrane fibrils. Since 
both clones exhibited very similar increases in TER, how- 
ever, the number of strands did not correlate with electri- 
cal resistance. 
Since the fluorescence microscopy indicated that in cells 
expressing  HAoccludinCT3  neither  the  transfected  mu- 
tant  nor  the  endogenous  occludin  formed  a  continuous 
junctional ring (Figs. 6 and 7), the freeze-fracture analysis 
of these cells was of particular interest.  Fig.  11, G  and H 
shows that these samples did not reveal a redistribution or 
unusual arrangement of the strands suggesting that disrup- 
tion of the continuous junctional ring formed by occludin 
was  not  paralleled  by  apparent  discontinuities  in  the 
strands. This was also supported by a quantification of the 
average length  of the  recovered junctional  segments  de- 
rived from cells with a continuous distribution of occludin 
(3.0  _+  0.6  p~m without and 3.8  _+  1.1  ~m with butyrate) 
compared  with  the  ones  obtained  from  cells  expressing 
HAoccludinCT3 (3.2 _  0.3 ixm without and 3.5 _  0.8 p~m 
with butyrate;  the length  of the observed patches by im- 
munofluorescence  was  ~1  ~m).  Furthermore,  the  pres- 
ence of continuous intramembrane  strands in freeze-frac- 
ture and the normal morphology in thin sections do also 
not suggest a general instability  of tight junctions in cells 
expressing HAoccludinCT3 that results  in morphological 
alterations upon chemical fixation and thereby caused the 
discontinuous distribution  of endogenous and transfected 
occludin  that  we  observed  by fluorescence  microscopy. 
Nevertheless,  butyrate-treated  samples  appeared  to pos- 
sess  slightly fewer  strands.  Quantification  of images  de- 
rived  from two different  clones (TER  values  of the  two 
clones were 145  -  14 and 136  -+ 8 l~cm  2 without, respec- 
tively,  195  +-  23  and  145  _+  12 f~cm  2 with  butyrate)  re- 
vealed no dramatic  differences in the  distribution  of the 
strands but confirmed the slight reduction since, after treat- 
ment with butyrate, the average number of strands was re- 
duced  to  2.3  +_  1.4  in  cells  expressing  HAoccludinCT3 
compared with 2.7  +_  1.1  in wild-type cells. Thus, expres- 
sion of HAoccludinCT3 leads to higher TER values with- 
out causing the formation of more junctional strands. 
Expression  of Wild-type and Mutant Occludin Results 
in Increased ParaceUular Permeability 
Tight junctions do not appear to be simple seals but rather 
to allow selective passage of certain components through 
the paraceUular pathway. Therefore, the  existence  of se- 
lective channels within tight junctions had been proposed 
(Claude, 1978; Cereijido etal., 1989). It would be conceiv- 
able that occludin forms or participates  in the formation 
of those hypothetical selective channels in tight junctions. 
To test whether expression of wild-type or mutant occlu- 
din  has  any effect  on  the  selective  permeability  of tight 
junctions  we measured  diffusion of fluorescently labeled 
dextran  (FITC-dextran)  with  an average molecular mass 
of 4 kD. 
Fig. 13 A  shows the amount of 4 kD FITC-dextran diffu- 
sion from the apical to the basolateral side of monolayers 
formed by wild-type and transfected cells over a period of 
3 h  at 37°C normalized  to the  value obtained from wild- 
type  MDCK  cells  (top  panel  without  and  bottom  panel 
with an overnight incubation with sodium butyrate). With- 
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pressing wild-type and mutant chicken occludin.  (A) Wild-type 
(wt MDCK) and transfected cell lines were cultured on filters and 
paracellular flux of 4 kD FITC-dextran was measured in the api- 
cal to basolateral direction without (top panel) or with  (bottom 
panel) induction with sodium butyrate. The amount of FITC-dex- 
tran diffused to the basolateral side of the monolayer was nor- 
malized by the average value obtained from wild-type cells. Val- 
ues given represent mean values (+__ 1 SD) of three independent 
determinations  performed  in  duplicate  using  two  independent 
clones of each transfection. The ratio of the mean value of flux 
measured in wild-type MDCK cells not treated with butyrate di- 
vided by the one obtained from butyrate treated wild-type cells 
was 1.1 ___ 0.2. Bars labeled with an asterisk represent values that 
are significantly  (P <0.001 in a t test)  bigger than the ones ob- 
tained from wild-type MDCK cells. (B) Fluid-phase transcytosis 
of butyrate-induced, wild-type and transfected MDCK cells was 
measured  by allowing the  cells  to internalize  HRP for 10 min 
from either the apical (top panel) or basolateral (bottom panel) 
side.  After cooling and washing the cells on ice, the monolayers 
were brought back to 37°C for 90 min. Transcytosis was then as- 
sayed by determining HRP activity transported across the mono- 
layers. Values represent the means (4- 1 SD) of two independent 
determinations performed in duplicate. The results for two differ- 
ent clones of HAoccludinCT3-expressing cells are shown. 
out butyrate induction, cells expressing either chicken oc- 
cludin or HAoccludin did not reveal more transepithelial 
diffusion.  If  higher  expression  levels  of the  transfected 
proteins  were  induced by sodium butyrate,  however, the 
values increased by a factor of 2 compared with wild-type 
cells or cells transfected with a control cDNA (LDL recep- 
tor). In contrast, monolayers formed by HAoccludinCT3- 
expressing  cells  revealed  more  transepithelial  diffusion 
(by a  factor of 3)  without  the  butyrate  treatment.  Since 
these cells did not exhibit fewer strands in freeze-fracture 
than wild-type cells  (Fig.  12), the number of strands  also 
does not correlate with paracellular  flux. If expression of 
HAoccludinCT3 was further enhanced by incubation with 
sodium  butyrate,  paracellular  flux exhibited  even  higher 
increases. 
Since our assay measures total transepithelial  transport, 
these results could be due to either increased rates of tran- 
scytosis  or  enhanced  paracellular  flux.  To  differentiate 
between  the  two  possibilities,  we  measured  fluid-phase 
transcytosis by allowing butyrate-treated  cells  to take  up 
HRP on either  the  apical  or basolateral  cell  surface  do- 
main for 10 min at 37°C. The cells were then cooled on ice, 
washed  to  remove  any  noninternalized  peroxidase,  and 
brought  back  to 37°C for 90 min.  Basolateral  and  apical 
media were collected and assayed for peroxidase  activity. 
Fig. 13 B shows that cells expressing either HAoccludin or 
HAoccludinCT3  (the  results  of two  different  clones  are 
shown)  did  not exhibit  any difference  in  the  amounts  of 
transcellular fluid phase transport. Furthermore, transcytotic 
fluid phase transport in the basolateral to apical direction 
is ~50% higher than in the apical to basolateral direction 
(Fig.  13 B),  while  the  absolute  amount of FITC-dextran 
diffusion was found to be the same in both directions (not 
shown).  Thus,  increased  rates  of transcytosis  cannot  ac- 
count for the up to six times  higher amounts of transepi- 
thelial diffusion of 4 kD FITC-dextran in transfected cells 
indicating that this must be due to increased paracellular 
flux. Since all of these transfected cells established  mono- 
layers electrically at least twice as tight as those formed by 
wild-type MDCK cells (Figs. 5 and 10), the expression of wild- 
type chicken occludin and, particularly, of HAoccludinCT3 
led to a  functional dissociation of paraceUular permeabil- 
ity and electrical resistance. 
Paracellular Pathway in Transfected Cells Is Size and 
Ion Selective 
Several experiments in the literature suggest that the para- 
cellular pathway of epithelia  behaves as an aqueous path- 
way that  restricts  solute  permeation  on the  basis  of size 
and charge (Cereijido,  1991). To test whether the amount 
of paracellular flux in transfected cells depends on the size 
of the analyzed tracer we measured paracellular  diffusion 
of [3H]mannitol (182 D), 40 kD FITC-dextran, HRP (44 kD), 
and 400 kD FITC-dextran across sodium butyrate-treated 
monolayers formed by wild-type and transfected cells. 
Monolayers  of cells  expressing  chicken  occludin  (Fig. 
14)  and  HAoccludin  (not  shown)  only  exhibited  clearly 
higher  amounts  of paracellular  diffusion if tracers  with  a 
small molecular weight were used ([3H]mannitol and 4 kD 
FITC-dextran).  If HAoccludinCT3-transfected  cells  were 
analyzed, however, 40 kD dextran and HRP also diffused 
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pends on the size of the tracer. Paracellular flux of various hydro- 
philic tracers  in  the  apical  to  basolateral  direction  of butyrate- 
induced  monolayers  formed  by  wild-type  or transfected  cells, 
respectively, was measured  as in Fig. 13 A  (the values for 4 kD 
FITC-dextran  are  again  given  to  facilitate  comparison).  The 
numbers  for each tracer were normalized  to the corresponding 
value obtained from wild-type cells. Shown are means (_+  1 SD) 
of at least two independent experiments performed in duplicate. 
In  the  case  of occludin and  HAoccludinCT3,  two  independent 
clones were  used.  Labeled  bars  are  significantly (asterisk,  P  < 
0.001;  circle,  P  <  0.02  in a  t test)  bigger than  the ones obtained 
from wild-type MDCK cells. D, mannitol;  IN, 4 kD Dextran;  [], 
40 kD dextran; II, HRP; [], 400 kD dextran. 
through  the  monolayers to  a  larger extent  than  in  wild- 
type cells. Nevertheless, with 400 kD FITC-dextran we did 
not measure higher rates of diffusion in any analyzed cell 
line. Thus, the paracellular pathway in monolayers formed 
by cells expressing wild-type and mutant chicken occludin 
is still size selective. 
If the  size selectivity in  transfected cells would  be the 
same as in wild-type cells, one would not expect to see a 
significant difference in the relative increase in permeabil- 
ity between small and high molecular weight tracers. Our 
assay,  however,  measures  total  transepithelial  transport 
(i.e., paracellular flux and  transcellular fluid-phase trans- 
port)  and  the  absolute values for transepithelial  flux de- 
crease for transfected and wild-type cells if the molecular 
weight of the tracer increases (not shown); hence, the con- 
tribution  of fluid-phase  transport by transcytosis is more 
significant  for  the  high  molecular  weight  tracers  than  it 
was  found  to  be  for 4  kD  FITC-dextran.  Consequently, 
one has to expect a lower increase of transepithelial trans- 
port of bigger tracers since only paracellular flux and not 
transcytosis  was  altered  by the  transfections.  Therefore, 
our tracer studies suggest that the paracellular pathway in 
cultures  of  transfected  cells  discriminates  not  only  be- 
tween tracers of different sizes but appears to possess an at 
least  superficially  similar  size-selectivity  as  the  one  in 
monolayers of wild-type MDCK cells. 
Another measure for the  selectivity of the paracellular 
pathway is its conductivity for different types of ions (Reuss, 
1991).  Monolayers formed by MDCK  cells exhibit  a  so- 
dium ion conductivity that is almost twice as high as the 
one for lithium ions (Cereijido et al., 1978).  Since the para- 
cellular  and  the  transcellular  pathways  are  arranged  in 
parallel and the paracellular route of monolayers formed 
by MDCK cells has an electrical resistance several magni- 
tudes  lower  than  the  transcellular  resistance  (Gonz~ilez- 
Mariscal,  1991), conductivity for sodium and lithium ions 
could be determined directly by measuring TER of mono- 
layers formed by wild-type  and  transfected  MDCK cells 
either in buffered sodium chloride or lithium chloride, re- 
spectively (Cereijido et al., 1978).  Independent of whether 
wild-type or transfected cells were analyzed, we obtained a 
ratio of sodium to lithium conductivity of ~1.7 without bu- 
tyrate treatment (wild-type MDCK, 1.8  -  0.3;  HAocclu- 
din,  1.7  -+ 0.2;  HAoccludinCT3,  1.7  ±  0.3;  n  =  4) and of 
~1.5  after  overnight  incubation  with  sodium  butyrate 
(wild-type  MDCK,  1.5  +  0.3;  HAoccludin,  1.6  ±  0.3; 
HAoccludinCT3, 1.5  -+ 0.2; n  =  4). Thus, the paracellular 
pathway of monolayers formed by transfected cells did not 
only retain size-selectivity but also selectivity for different 
cations. 
In  summary,  the  expression  of chicken  occludin  and, 
particularly, of a  COOH-terminally truncated mutant oc- 
cludin resulted in monolayers with increased TER that ex- 
hibited at the same time higher amounts of flux through a 
size- and ion-selective paracellular pathway. 
BODIPY-Sphingomyelin Is Not Efficiently Retained in 
the Apical Domain of Cells Expressing HAoccludinCT3 
Tight junctions  not  only form a  diffusion  barrier  in  the 
paracellular space but are also thought to prevent the dif- 
fusion  of proteins  and  lipids  in  the  outer  leaflet  of the 
plasma membrane between the apical and basolateral cell 
surface domains (Dragsten et al.,  1981; van Meer and Si- 
mons, 1986).  To test whether transfection of wild-type or 
mutant chicken occludin  affected this  second function  of 
tight junctions  we  labeled  the  apical  cell  surface  of bu- 
tyrate-treated monolayers grown on filters with BODIPY- 
sphingomyelin  for  10  min  at  4°C.  The  cells  were  then 
washed and left for an additional 60 min on ice before ob- 
servation by confocal microscopy. A  similar assay has re- 
cently been used to test for the presence of an intact in- 
tramembrane  diffusion  barrier  in  ATP-depleted  MDCK 
cells (Mandel et al., 1993). 
The z-sections shown in Fig. 15 A demonstrate that wild- 
type  and  HAoccludin-transfected  MDCK  cells  retained 
the  fluorescent  lipid  in  the  apical  plasma membrane.  In 
cells expressing HAoccludinCT3, however, the fluorescent 
lipid started to diffuse through the tight junctions and la- 
beled the lateral plasma membrane. If the cells were ana- 
lyzed immediately after the labeling phase, only the apical 
membrane was stained; therefore, the lateral staining after 
60 min could not be due to the increased amounts of para- 
cellular flux (Fig.  15 A: 0 min). Additionally, at the  tem- 
perature the cells were labeled, on ice for 10 rain, paracel- 
lular diffusion of 4 kD FITC-dextran over a period of 3 h 
was very low and no diffusion of 40 kD FITC-dextran (still 
smaller than BSA) could be detected (not shown). Since it 
could be that the junctions of cells expressing the mutant 
occludin are more sensitive to the manipulations required 
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of  BODIPY-sphingomyelin 
in wild-type and  transfected 
MDCK  cells.  (A) The  api- 
cal  surface  of  filter-grown 
and  butyrate-treated  cells 
was  labeled  for  10  rain 
with  BODIPY-sphingomye- 
lin/BSA  complexes  on  ice. 
Then, the cells were immedi- 
ately mounted (0 min) or left 
for an  additional  60 min on 
ice.  The  distribution  of the 
fluorescent lipid was then an- 
alyzed  by  z-sectioning.  Bar, 
10  Ixm. (B)  The  apical  sur- 
face of filter-grown  and  bu- 
tyrate-treated  cells  was  la- 
beled on ice as in A. The cells were then washed and cold buffer containing defatted BSA was added to the basolateral side to back 
exchange fluorescent lipid diffused across tight junctions. After 1.5 h on ice, the BSA solutions were collected and the cells were lysed in 
Triton X-100. The fluorescence in both extracts was measured and the amount of diffusion  was normalized by the total recovered fluo- 
rescence.  If cells  were  not  treated  with  butyrate,  a  two  to  threefold  difference  was  observed  between  wild-type  MDCK  and 
HAoccludinCT3-expressing cells (not shown). Values are means (_+ 1 SD) of two independent experiments performed in triplicate (two 
independent clones per transfection). 
for microscopical observation, we tested whether the fluo- 
rescent lipid would also diffuse across tight junctions if the 
cells were left at 4°C.  To do this,  cells  were  labeled  with 
BODIPY-sphingomyelin  and  washed.  Defatted  bovine 
serum albumin was then added to the basolateral side for 
1.5 h on ice to back exchange fluorescent lipid diffused to 
the basolateral plasma membrane. Basolaterally extracted 
fluorescence  and  Triton  X-100  extractable  fluorescence 
still associated with cells at the end of the experiment were 
then determined with a fluorometer. Fig. 15 B  shows that 
approximately  five  times  more  BODIPY-sphingomyelin 
diffused from the  apical  to the  basolateral  plasma  mem- 
brane  in  cells  expressing  HAoccludinCT3  than  in  the 
other tested cell lines.  Similar results were obtained if the 
cells were labeled basolaterally and extracted apically (not 
shown).  These  data  demonstrate  that  cells  expressing 
HAoccludinCT3  have  a  reduced  capability  to  maintain 
BODIPY-sphingomyelin in a specific cell surface domain. 
Since the transfected mutant and the endogenous occludin 
were  discontinuously  distributed  in  these  cells,  this  sug- 
gests  that  a  continuous junctional  ring of occludin is  im- 
portant to restrict diffusion of lipids in the outer leaflet of 
the plasma membrane and that occludin is involved in the 
formation of the intramembrane diffusion barrier between 
the apical and the basolateral cell surface domains. 
We also tested  whether  expression  of HAoccludinCT3 
interferes with protein polarity. Using cell surface biotiny- 
lation,  we did not find a  significant difference in the cell 
surface  distribution  of Na+/K+-ATPase,  a  classical  baso- 
lateral marker, and of total apically or basolaterally bioti- 
nylatable and Triton X-100-extractable proteins (not shown). 
Additionally,  coexpression  of an  apically  expressed  mu- 
tant Fc receptor (Matter et al.,  1992) did also not indicate 
a  significant loss in protein polarity (not shown). While it 
is not possible yet to completely exclude any effect on po- 
larity of specific proteins,  it  appears  that  lipid  polarity is 
more sensitive to manipulations affecting the apical-baso- 
lateral intramembrane diffusion barrier. 
Discussion 
Our results demonstrate that expression of wild-type and, 
particularly,  mutant occludin led to a  functional dissocia- 
tion of paracellular  permeability  and electrical  resistance 
and show that this protein is also involved in the formation 
of  the  apical-basolateral  intramembrane  lipid  diffusion 
barrier. 
Assembly of Tight Junctions 
In stably  transfected  MDCK  cells,  chicken  occludin was 
efficiently sorted to tight junctions as previously published 
for transient expression experiments using bovine and hu- 
man epithelial cells (Furuse et al., 1994). This suggests that 
occludin targeting and integration into tight junctions is a 
well-conserved process. The COOH-terminal cytoplasmic 
domain of occludin was found to be not required  for tar- 
geting of transfected  occludin since HAoccludinCT3 was 
expressed in tight junctions. 
Deletions within the COOH-terminal domain of occlu- 
din  were  previously  found  to  abolish  transport  to  tight 
junctions  in  transiently  transfected  bovine  kidney  cells 
(Furuse et al., 1994). While it is not yet clear what caused 
this discrepancy, it might be due to the different  types of 
constructs used in the two studies. While we were express- 
ing  a  mutant  occludin  that  lacked  almost  the  entire 
COOH-terminal  domain,  Furuse  et  al.  expressed  con- 
structs  bearing only partial  deletions  of this  domain  and, 
furthermore,  a  COOH-terminal  myc-epitope;  hence  the 
inhibition of targeting in the latter experiments could have 
been due to, for instance, folding problems caused by the 
residual parts of the COOH-terminal domain. 
Expression  of HAoccludinCT3 also resulted  in a  redis- 
tribution of endogenous occludin suggesting that endoge- 
nous  and  transfected  occludin  are  interacting  with  each 
other in a direct or indirect manner. Therefore, mutant oc- 
cludin  could be transported  to tight junctions  due to this 
interaction and the fraction of HAoccludinCT3 that local- 
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that has not oligomerized with endogenous occludin. There- 
fore, how efficiently a COOH-terminally truncated mutant 
of occludin is transported to tight junctions might depend 
on the level of endogenous occludin. Thus, the above de- 
scribed discrepancy could also be due to different levels of 
endogenous occludin in  the  used  cell lines.  As  a  conse- 
quence, it is not possible to rule out that the COOH-termi- 
nal domain of occludin has a function in targeting. Since 
tight junctions are a  subdomain of the basolateral mem- 
brane  and  cytoplasmic domain  determinants  have  been 
shown to be required for basolateral transport of several 
membrane proteins (Matter and Mellman, 1994), it could 
be that the COOH-terminal cytosolic domain of occludin 
specifies transport to the basolateral cell surface. If linked 
to an apically expressed protein, this domain is indeed able 
to mediate basolateral transport, but not integration into 
tight junctions, of the chimeric membrane protein (Balda, 
M.S., and K. Matter, manuscript in preparation). After ar- 
riving at the basolateral plasma membrane, integration of 
occludin oligomers into tight junctions could then occur 
due to other interactions involving the NH2-terminal half 
of the protein. 
While deletion of the COOH-terminal domain of occlu- 
din did not abolish targeting of transfected chicken occlu- 
din, it did affect the distribution of the protein within tight 
junctions since  it  resulted  in  a  discontinuous junctional 
staining pattern. Since this was observed under various fix- 
ation conditions, it is unlikely that the discontinuous distri- 
bution of HAoccludinCT3 was caused by fixation of a nor- 
mally mobile membrane protein. Furthermore, since the 
same discontinuities in the distribution of HAoccludinCT3 
were observed in cells fixed with paraformaldehyde and 
permeabilized with saponin, conditions that did not reveal 
any difference in the junctional morphology between cells 
expressing  HAoccludin or HAoccludinCT3 by EM,  the 
discontinuities were not caused by a  vesiculation of the 
junction due to fixation and permeabilization. Therefore, 
the COOH-terminus appears to be required for the nor- 
mal  distribution  of  occludin  within  the  junction.  It  is 
tempting to speculate that this is due to its capability to in- 
teract with ZO-1, a  component of the submembrane cy- 
toskeleton  of  tight  junctions  (Furuse  et  al.,  1994).  In 
HAoccludinCT3-expressing cells, ZO-1  exhibited only a 
gentle redistribution  and was  still forming a  continuous 
junctional ring suggesting that its localization is at least not 
only determined by occludin but also by other junctional 
components or, more importantly, the cytoskeleton. There- 
fore, one could imagine that the continuous junctional belt 
of occludin is  due to polymerized oligomers, containing 
occludin and perhaps other membrane proteins, that are 
lined up with the submembrane cytoskeleton due to an in- 
teraction between the COOH-terminal domain of occlu- 
din  and ZO-1.  In the absence of a  sufficient number of 
such anchors, as in cells expressing HAoccludinCT3, the 
continuous belt collapses into patches due to a disturbed 
equilibrium between the two forces. 
Intramembrane Diffusion Barrier and Cell 
Surface Polarity 
Tight junctions are also thought to be important for the 
maintenance of biochemically distinct cell surface domains 
by forming an intramembrane fence that restricts the dif- 
fusion of lipids in the outer leaflet of the plasma  mem- 
brane (Dragsten et al., 1981; van Meet and Simons, 1986). 
We show here that cells expressing HAoccludinC/3 were no 
longer capable of preventing diffusion of a fluorescent lipid 
from one cell surface domain to the other indicating that 
occludin is involved in the formation of the intramembrane 
diffusion fence. We were only able  to detect significant 
amounts of lipid diffusion in cells expressing the discontin- 
uously distributed, COOH-terminally truncated occludin 
suggesting that a continuous junctional belt of occludin is 
important for the maintenance of cell surface lipid polar- 
ity. Therefore, occludin could be the structural component 
which physically forms, either alone or together with other 
components, the intramembrane diffusion fence. 
HAoccludinCT3-expressing cells, found to have lost the 
capability to maintain a fluorescent lipid in a specific cell 
surface domain,  exhibited a  higher TER than nontrans- 
fected wild-type cells. Thus, the  structural  properties of 
tight junctions  responsible for the intramembrane fence 
and the electrical seal appear to be different. This is also 
supported by the effect of a short period of ATP depletion 
that resulted in a loss of TER but not in disruption of the 
intramembrane diffusion fence (Mandel et al., 1993). Fur- 
thermore,  disruption  of the  intramembrane  fence  after 
longer periods of time of ATP depletion correlated with 
fragmentation of the intramembrane strands of tight junc- 
tions  and  disruption  of  the  continuous  junctional  ring 
formed by ZO-1  (Bacallao  et  al.,  1994).  While  we  ob- 
served a slightly changing distribution of ZO-1, we did not 
observe a  fragmentation  of the  intramembrane  strands. 
Nevertheless, we observed a slight reduction in the aver- 
age number of strands in butyrate-treated, HAoccludinCT3- 
expressing cells, suggesting  that  an  efficiently working 
intramembrane  diffusion  fence  may  require  several  in- 
tramembrane strands. Alternatively, redistribution of oc- 
cludin  may  have  affected the  structural  and  functional 
properties of the intramembrane strands (see below). 
Expression of HAoccludinCT3 did not significantly af- 
fect  polarity  of  Na+K+-ATPase  and  of Triton  X-100- 
extractable proteins. While Na+K÷-ATPase might be re- 
tained  in  the  basolateral  plasma  membrane  due  to  its 
interaction with the actin-based cytoskeleton (Nelson and 
Veshnock, 1987), Triton X-100-extractable proteins should 
be more mobile and, therefore, one would have expected 
to detect an  altered cell surface distribution in  cells ex- 
pressing HAoccludinCT3. It is difficult to rule out that this 
difference between proteins and lipids is not due to an in- 
complete disruption of the intramembrane diffusion bar- 
rier. Our data indicate, however, that lipid polarity is at 
least  more  sensitive  to  manipulations  affecting  the  in- 
tramembrane fence. On one hand, this might be due to in- 
teractions between membrane proteins and the cytoskele- 
ton that restrict lateral mobility (Vega-Salas et al.,  1987; 
Nelson, 1992) and, on the other hand, many mobile mem- 
brane  proteins possess  bulky extracellular domains  sug- 
gesting that the paracellular barrier must be as important 
for protein polarity as the intramembrane diffusion fence. 
Paracellular Permeability and Electrical Resistance 
Expression of full-length and COOH-terminally truncated 
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In MDCK cells, the transcellular pathway has an electrical 
resistance about two orders of magnitude higher than the 
paracellular  pathway  (Gonz~ilez-Mariscal  et  al.,  1989). 
Since these two pathways can be thought of as two resis- 
tors arranged in parallel,  the measured increase  in TER 
reflects  an increase  in  the  resistance  of the  paracellular 
pathway. Furthermore, this increase was dependent on the 
amount of expressed protein since induction of higher ex- 
pression levels led to a further stimulation of TER. Since 
chicken occludin was properly targeted, this suggests that 
occludin is involved in the formation of sealed tight junc- 
tions. Similar results were obtained independently with a 
different expression system in which expression of occlu- 
din in MDCK cells was induced with isopropyl thiogalac- 
toside and resulted in a 40% increase of TER (McCarthy, 
et al., 1996). 
Fluorescence microscopy of cells expressing HAoccludin 
CT3  indicated  that  the  transfected  mutant  and  endoge- 
nous  occludin did not form a  continuous junctional  belt 
but  colocalized in  patches  along the junction.  Since  this 
was  observed af~ter various  different  fixation  techniques 
and these monolayers still exhibited increased TER, a con- 
tinuous junctional distribution of occludin does not appear 
to be required  for the formation of electrically tight epi- 
thelial monolayers. Since the parts of tight junctions that 
did  not  contain  occludin  in  HAoccludinCT3-expressing 
cells represented a considerable fraction of the total tight 
junction, these parts are rather unlikely to have lost most 
of their  electrical  resistance.  It is not  clear whether  this 
means that occludin is not at all a structural component of 
the paracellular diffusion barrier or whether its gaps are 
filled with one or more unknown structural components of 
tight junctions that are not stably associated with occludin. 
The increase in TER in transfected cells, however, could 
also be due  to a  function of occludin in the assembly or 
stabilization of the paracellular diffusion barrier. 
Expression of full-length,  and particularly, COOH-ter- 
minally truncated  occludin resulted in electrically tighter 
junctions  and increased paraceUular permeability but did 
not significantly affect the size and ion selectivity of the 
paracellular pathway. This and the fact that MDCK cells 
express occludin endogenously indicate that expression of 
exogenous occludin induced higher levels of activity of an 
existing mechanism that allows selective diffusion through 
electrically  sealed  tight  junctions.  Since  monolayers  of 
cells  expressing  HAoccludinCT3  exhibited  much  more 
paracellular flux than cultures of cells expressing compara- 
ble amounts of full-length chicken occludin or HAocclu- 
din,  the  COOH-terminal  cytosolic domain  might be im- 
portant for the regulation of the paracellular pathway. It is 
not clear yet, however, whether increased paracellular flux 
in  cells  expressing  HAoccludinCT3  is  a  consequence  of 
the clustering of occludin or whether paracellular flux and 
occludin distribution within  the junction  are not directly 
related  to  each  other  but  are  both  controlled  by  the 
COOH-terminal cytoplasmic domain. 
The functional dissociation of paracellular permeability 
from electrical resistance was rather surprising since  the 
two parameters had generally been considered to measure 
the  same characteristics  of tight junctions.  Nevertheless, 
TER is an  instantaneous  measurement,  and  paracellular 
flux measures permeability during a longer period of time; 
hence TER is an instantaneous measurement that reflects 
the permeability at a given point in time, and paracellular 
flux is an indicator for the permeability over a  period of 
time. One possibility to explain how these two parameters 
can change in opposite directions is the model proposed 
by Claude and modified by Cereijido et al. (Claude, 1978; 
Cereijido et al., 1989).  According to this hypothesis, tight 
junctions  are  a  series of one  or more diffusion  barriers. 
Each  of these  diffusion  barriers,  however,  is not  always 
tightly sealed but open and closes in a fluctuating fashion. 
Thus, electrical resistance is a measure of the number of 
closed barriers at a given point in time. Since the paracel- 
lular pathway is size  and ion selective, this  opening  and 
closing was attributed to aqueous channels within each dif- 
fusion barrier. That permeation of junctions by relatively 
large molecules and ions involves the same aqueous pores 
was suggested by several observations. Since the ion selec- 
tivity of the paracellular pathway is much lower than the 
selectivity  of cell  membranes, junctional  permeation  of 
ions  must  include  relatively large  channels.  This  is  also 
supported by the linear current-voltage relationship over 
a  large current range (for review see Reuss,  1991).  Since 
the ion selectivity of the paracellular pathway was changed 
by acidification  or the  addition  of polyvalent cations,  it 
was proposed that its size and ion selectivity are a result of 
relatively  large  pores  containing  dipoles  with  negative 
sides oriented toward the aqueous phase (Wright and Dia- 
mond, 1968; Moreno and Diamond, 1975; Cereijido et al., 
1978; Reuss, 1991). 
Compartmentalization  of these  channels  (for instance, 
by a similar network as the one formed by the intramem- 
brane strands)  is not only required for a model with sev- 
eral barriers to work, but also explains why such fluctuating 
channels do not lead to fluctuating TER values (Cereijido 
et al.,  1989).  There would be thousands of such compart- 
ments in a given monolayer; hence there would be no big 
fluctuations in the number of open compartments at any 
given  time.  If flux  of a  tracer  is  measured,  however,  it 
starts to enter into the junctions if the first diffusion bar- 
rier is open and can go on at a later point in time when the 
next layer opens and the first layer is already closed again. 
As a  consequence,  a  tracer could migrate layer by layer 
through  tight junctions  which  as  a  unit  were  electrically 
sealed during the entire process. 
We found here that expression of full-length and partic- 
ularly COOH-terminally truncated occludin in MDCK cells 
caused increased paracellular flux without having any ap- 
parent effect on the selectivity of the paracellular pathway. 
Therefore, occludin could be involved in the formation or 
regulation  of  these  fluctuating  aqueous  channels  and, 
therefore,  cause the  increased paracellular flux in trans- 
fected  cells.  Since  transfected  HAoccludinCT3  changed 
the distribution of endogenous occludin and the distribu- 
tion of occludin in one cell influenced the distribution  of 
occludin  in  neighboring  cells,  it  could  be  that  occludin 
molecules and, perhaps, other membrane components of 
neighboring cells come together and form a channel  that 
allows  selective  paracellular  permeability.  Since  the 
COOH-terminal cytoplasmic domain  has been shown  to 
interact with ZO-1 in vitro (Furuse et al., 1994)  and its de- 
letion caused a  stronger increase in paracellular flux, the 
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be regulated by the submembrane cytoskeleton. A  model 
in which interactions between the submembrane cytoskel- 
eton and the COOH-terminal cytoplasmic domain of oc- 
cludin  regulate  paracellular  permeability  could  also  ex- 
plain an apparent discrepancy between our results and the 
ones by McCarthy et al. where the presence of isopropyl 
thiogalactoside, which induces occludin expression in their 
experimental system, had a negative effect on paracellular 
flux (McCarthy, et al., 1996).  In our experiments, expres- 
sion of full-length occludin resulted either in no change in 
paracellular flux or, at high expression levels induced by 
sodium  butyrate, in  a  slight  increase.  This together with 
the  relatively moderate  increase  in  TER  in  the  experi- 
ments by McCarthy et al. (the increase in TER was ~40% 
compared with at least twice as much in all of our clones) 
could mean that there are sufficient free binding sites (e.g., 
ZO-1  molecules) to interact with  transfected occludin at 
low levels of expression; hence only the sealing capacity, 
which  increases TER,  of occludin  is  observed.  With  in- 
creasing  expression  levels,  however,  those  binding  sites 
would become saturated and a fraction of the transfected 
occludin would no longer be capable to interact with the 
submembrane  cytoskeleton resulting  in  an  activation  of 
the channel forming or regulating capabilities of occludin. 
In freeze-fracture replicas, tight junctions can be seen as 
a set of interconnected fibrils composed of intramembrane 
particles (Staehelin, 1973).  One could imagine that each of 
this fibrils represents a diffusion barrier. Since they are ar- 
ranged as a network and not in a parallel array, they would 
also provide the above mentioned required compartmen- 
talization of the paracellular pathway (Cereijido et al., 1989). 
Furthermore, there is an exponential relationship between 
the number of strands and the TER of an epithelial tissue 
further suggesting that these strands could be the diffusion 
barrier  and contain  fluctuating channels  (Claude,  1978). 
Nevertheless, there  is no direct evidence for the  strands 
being the diffusion barriers and their number does not al- 
ways  correlate  with  TER  (Martinez-Palomo  and  Erlij, 
1975; Stevenson et al., 1988; Gonz~lez-Mariscal et al., 1989). 
Similarly,  expression  of  HAoccludinCT3  led  to  higher 
TER  values  and  rather  less  than  more  intramembrane 
strands.  Furthermore,  Mandel  et  al.  demonstrated  that 
short times of ATP depletion essentially eliminated TER 
without  affecting the  number  of intramembrane  strands 
(Mandel et al., 1993).  Therefore, these authors suggested 
that  the  paracellular  diffusion  barrier  is  not  due  to  the 
sheer presence of the strands but to an interaction of two 
strands from neighboring cells. Since our experiments sug- 
gest that occludin is part of a complex that forms cell-cell 
contacts, it could be that occludin is involved in this inter- 
action  between  neighboring  strands  and,  therefore,  its 
overexpression increases TER. This idea is supported by 
the finding  that occludin localizes to the  intramembrane 
strands in freeze fractures (Furuse et al., 1996).  Neverthe- 
less, this observation does not necessarily mean that the 
paracellular diffusion barriers are due to interacting pairs 
of strands but could also signify that different properties of 
the same junctional components (one of them being occlu- 
din) are involved in-the formation of the intramembrane 
strands (i.e., transmembrane domains) and in the paracel- 
lular diffusion barrier (i.e., extracellular domains). Inter- 
estingly, if occludin was overexpressed in insect cells, mul- 
tilamellar structures were induced that appeared to consist 
of pairs of closely associated membrane bilayers suggest- 
ing that occludin may have an adhesive property (Furuse 
et al., 1996).  Since a continuous junctional ring of occludin 
is apparently not required  for an electrically tight mono- 
layer, however, one would have to assume that there are 
other junctional components that also strengthen this in- 
teraction and fill the parts left empty by occludin in cells 
expressing HAoccludinCT3. 
The same is true for the intramembrane strands them- 
selves.  Since  the  discontinuous  distribution  of  occludin 
was not paralleled by apparent interruptions of the strands 
in chemically fixed cells expressing HAoccludinCT3, oc- 
cludin is quite  unlikely be the only component of the in- 
tramembrane strands.  At high  expression levels induced 
by sodium butyrate, however, HAoccludinCT3-expressing 
cells had slightly fewer strands. In contrast, expression of 
wild-type chicken occludin induced a slight increase in the 
number of strands in our experiments as well as in those 
by  McCarthy  et  al.  (1996)  suggesting  that  this  protein 
might play a role in the generation or organization of the 
intramembrane  strands.  Interestingly,  Furuse  et  al.  re- 
ported that baculovirus-mediated overexpression of occlu- 
din  in  insect  cells  did  not  only induce  the  formation of 
multilamellar structures containing intramembrane parti- 
cles but occasionally observed also very short strands (Fu- 
ruse et al.,  1996).  This suggests that occludin might have 
the capabilities to contribute to the intramembrane strands 
of tight junctions  but  does  not  appear to  be  capable  to 
form a  complex network  of strands  by itself,  even  if it 
reaches very high local concentrations as in those multila- 
mellar  structures  upon  virus-mediated  overexpression. 
Therefore, and because of the much lower expression lev- 
els of stably transfected cDNAs in mammalian cell lines than 
in the baculovirus system, it is not surprising that we did 
not observe dramatic changes in the patterns formed by 
the intramembrane strands in the freeze-fracture analysis. 
The  combination  of  the  above-discussed  channel  hy- 
pothesis with the idea of occludin as a regulated channel- 
forming or -activating protein that is also involved in the 
interaction of neighboring plasma membranes and thereby 
helps to establish a series of paracellular diffusion barriers 
could  explain  several  contradictory  observations.  First, 
TER does not always correlate with the number of strands 
(Martinez-Palomo and Erlij,  1975;  Stevenson et al., 1988; 
Gonz~ilez-Mariscal et al.,  1989):  TER would  not directly 
depend on the number of strands but on how well neigh- 
boring plasma membranes are interconnected  as well as 
on the open probability of the channels. Second, paracel- 
lular  permeability does  not  always correlate  with  TER: 
TER does not and paracellular permeability does depend 
on the number of channels if they are either all open or all 
closed within one barrier of one compartment. Thus, TER 
depends  on  how well  neighboring  strands  are  intercon- 
nected and on the open probability of the channels while 
paracellular diffusion depends in addition on the number 
of open channels per barrier and compartment. Further- 
more, extending the model by assuming that occludin (or 
rather its transmembrane domains) is just one of the com- 
ponents  that form the intramembrane strands would ex- 
plain  another  apparent  contradiction.  Cells  expressing 
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specific  domain  but  did  not  exhibit  discontinuous  intra- 
membrane strands. In contrast, Bacallao et al. reported a 
correlation between disruption of the strands and loss of the 
intramembrane diffusion fence after longer times of ATP 
depletion (Bacallao et al., 1994). Therefore, pieces of strands 
that lack occludin might have different functional proper- 
ties. 
Although  occludin  appears  to play  a  key role  in  tight 
junctions, different properties of it appear to be important 
for different functions. Additionally, our data are difficult 
to reconcile with a single structural membrane component 
of tight junctions suggesting that we need to improve our 
understanding of the molecular composition of this impor- 
tant epithelial structure before we are able to explain more 
precisely how tight junctions form on one hand a diffusion 
barrier and on the other hand allow selective permeability. 
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